Systematic phytochemical screening of higher plants using a cytotoxicity-guided fractionation procedure resulted in the isolation from the bulbs of Ornithogalum saundersiae (Liliaceae) an acylated cholestane diglycoside, 17α-hydroxy
Several years ago, a program was initiated for the discovery of new antitumor compounds from higher plants. As a result, the ethanolic bulb extract of Ornithogalum saundersiae, which is indigenous to South Africa and belongs to the family Liliaceae, was found to show extremely potent cytotoxic activity against HL-60 human promyelocytic leukemia cells. However, O. saundersiae has no medicinal folkloric background and is only cultivated for ornamental purposes. Attempts to identify the active ingredients responsible for the cytotoxic activity of the crude extract by way of a cytotoxicity-guided fractionation procedure, combined with a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) reduction assay method, led to the isolation of a cytotoxic steroidal cholestane diglycoside, 17α-hydroxy-16β-[(O-(2-O-p-methoxybenzoyl-β-Dxylopyranosyl)-(1→3)-2-O-acetyl-α-L-arabinopyranosy l)oxy ]cholest-5-en-2 2-on e, tentativ ely named OSW-1. OSW-1 has received great scientific attention because of its strong cytotoxic activities against various cultured tumor cell lines and cell growth inhibitory activities against experimental animal tumors. Several OSW-1 analogues were isolated, not only from the bulbs of O. saundersiae but also from those of O. thyrsoides and Galtonia candicans, which are taxonomically related to O. saundersiae. In vitro cytotoxic evaluation of the OSW-1 derivatives yielded some insights into the structure-activity relationships of the cytotoxic cholestane glycosides. Furthermore, O. saundersiae and G. candicans were found to contain steroidal glycosides with a novel cholestane skeleton of 24(23→22)abeo-cholestane, some of which were also cytotoxic to tumor cells. In this short review, the structures of the steroidal glycosides isolated from O. saundersiae, O. thyrsoides, and G. candicans, and their cytotoxic and antitumor activities are described.
OSW-1 derivatives
In 1992, OSW-1 was isolated as a cyclic AMP phosphodiesterase inhibitor from O. saundersiae bulbs [1] , and five years later OSW-1 was identified as the main cytotoxic compound contained in these bulbs [2] . OSW-1 exhibited exceptionally potent cytotoxic activity against various malignant tumor cells, such as mouse mastrocarcinoma, human pulmonary adenocarcinoma, human pulmonary large cell carcinoma, and human pulmonary squamous cell carcinoma, including adriamycin (ADM)-resistant P388 leukemia and camptothecin (CPT)-resistant P388; the activities are around 10-100 times more potent than those of the clinically applied anticancer agents, mitomycin C (MMC), ADM, cisplatin (CDDP), CPT, and taxol (TAX). It should be emphasized that OSW-1 showed little toxicity to normal human pulmonary fibroblasts. OSW-1 was also found to be cytotoxic in the U.S. National Cancer Institute 60-cell in vitro screen [3] , with a mean GI 50 value of 0.78 nM and a mean TGI of 18 nM. Melanoma cell lines were particularly sensitive to OSW-1. The pattern of differential response to OSW-1 was used to probe the testing data of pure compounds in the NCI screen. Striking similarities between the correlation coefficients of 0.60-0.83 were found at all three levels of response (GI 5 0 , TGI, and LC 5 0 ) between OSW-1 and cephalostatins, which were isolated from the Indian The LC 50 is the concentration at which only 50% of the cells are viable, the GI 50 value is the concentration that yields 50% growth, and TGI (total growth inhibition) is the concentration at which no growth is observed.
Ocean hemichordate Cephalodiscus gilchristi and also exhibited remarkable cytotoxic activities in relation to a broad spectrum of malignant tumor cells [4] [5] [6] . Structurally, OSW-1 could be considered to be one half of the cephalostatin molecule, with oxidation of the cholestane skeleton at C-16 and C-17. OSW-1 was not hemolytic in human erythrocytes at 100 μg/mL. In an in vivo evaluation, OSW-1 was remarkably effective versus mouse P388 with an increased life span of 59% with a one time administration of 0.01 mg/kg. Since the potentiality of OSW-1 as a new lead compound for a novel anticancer agent is evident, OSW-1 has been an attractive synthetic target for synthetic, pharmaceutical, and organic chemists. Guo and Fuchs reported the first synthesis of the protected aglycone of OSW-1 [7] . By employing the same approach, Deng and his co-workers established the first total synthesis of OSW-1 in 1999 [8] . Yu and Jin reported a total synthesis of OSW-1 based on their own strategy [9] .
O. saundersiae produced several OSW-1-related compounds, which were slightly different in the structures of the aromatic acid moiety from OSW-1 [1, 2, 10] . The more polar analogues, having a glucosyl unit at C-4 of the terminal xylosyl moiety, were also isolated and identified, and the deacyl and 22-hydroxy derivatives were synthesized [10] . Phytochemical studies of O. thyrsoides and G. candicans bulbs resulted in the isolation of a series of OSW-1 analogues, which have a glucosyl, diglucosyl, or triglucosyl unit at the hydroxy group at C-3, without any exceptions [11, 12] .
All the natural and synthetic analogues of OSW-1 were evaluated for their cytotoxic activity against HL-60 cells and the following structure-activity relationships have been revealed. 1) The aromatic acid ester group attached to the C-16 glycoside moiety is essential for the exhibition of potent cytotoxic activity. 2) Slight differences in the aromatic acid structures have no effect on the activity. 3) Glucosylation at the C-3 hydroxy group results in no discernible effect on the activity. 4) The C-22 carbonyl group enhances the activity. 5) Modification of the diglycosyl group at C-16 with one more sugar unit reduces the activity. 6) Glucosylation of the glucosyl group attached to C-3 reduces the activity by about three orders of magnitude. 7) Further glucosylation of the diglucosyl group at C-3 has little effect on the activity. Fuchs and his co-workers have provided some insights regarding the common and important roles of C-22 oxocarbenium ions in the bioactivity of both OSW-1 and cephalostatin [13] . Although the role of the acylated diglycoside moiety of OSW-1 remains to be elucidated, it is considered that a combination of the acylated diglycoside moiety at C-16 and the carbonyl group at C-22 is the structural requirement for the significant cytotoxic activities of OSW-1. This suggests that the mechanism of action of OSW-1 may be somewhat different from that of cephalostatin, despite their similar cytotoxicity profiles in the National Cancer Institute 60 cell line assay. In addition to the cytotoxic activities of OSW-1, its effects on ovarian functions in rats have also been examined [14] . 
24(23→22)abeo-cholestane glycosides
Several new cholestane glycosides with a novel rearranged carbon skeleton based on cholesterol, that is, a 24(23→22)abeo-cholestane skeleton, were isolated from the bulbs of O. saundersiae and G. candicans. In saundersioside C (27) -H (32), the C-24-C-27 side-chain moiety migrates to C-22 with formation of a six-membered hemiacetal ring between C-16 and C-23 [15, 16] , whereas saundersioside A (25) and B (26) have a sixmembered hemiacetal ring between C-16 and C-23 and a five-membered acetal ring between C-18 and C-20 [17] [18] [19] . Compound 33 is a novel 24(23→22)abeo-cholestane diglycoside with a δ-lactone ring system [20] . Candicanoside A (34) from G. candicans has two epoxy functionalities between C-16 and C-23 and between C-18 and C-23 in its rearranged cholestane skeleton [21] . The 16,23-epoxy-22-hydroxycholestane glycoside (35) obtained from O. saundersiae in good yield is considered to be a precursor of these rearranged cholestanes [22] .
The structural peculiarities of the aglycone part of saundersiosides led to the examination of the conformations of the six-membered hemiacetal ring moieties. The conformations were examined through molecular mechanics (MM) calculations using the MM2 force field, as implemented in Macro-model. The starting geometries were generated by a systematic Monte Carlo conformation search. The most stable conformer thus found was taken as the starting structure for molecular dynamics (MD) calculations in vacuo at 296 K with a path length of 100 ps and followed by minimizing random structures sampled after multiple 1 ps intervals. In this run, two stable conformers (A: 139 kJ/mol; B: 139.7 kJ/mol) were obtained for the aglycone of 25 at 296 K, whose Bolzmann populations were 77% and 23%, respectively. In the two conformers, the torsion angle of H (22) [23] . The above findings proved the six-membered hemiacetal ring to be a half-chair form, which was well supported by an ROE correlation between H-15β and H-23. On the other hand, the conformation of the six-membered hemiacetal ring in the aglycone of 27 was shown to be almost a boat-form through the same molecular mechanics and molecular dynamics calculation methods. The five-membered acetal ring formed between C-18 and C-20 is considered to leave the six-membered hemiacetal ring for a half-chair form in the aglycone of 25. 
